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SUMMARY

The performence of an axlal-flow-type turbojet engline operating
wlth sheft-power extractlon was analytlcally determined by metching
experimentally determined component characteristics of & typical
axial-flow-type engine. Performance is presented in the form of
generalized working charts thet were used to investigate engine
performence with variable and rated tall-pipe-nozzle area operatlion
et constant turbine-inlet temperature, constant engine speed, and
constant thrust. A range of altitudes and flight Mach numbers was
oconsidered. The maximum power extractlon permissible is presented
as a functlion of altitude and thrust.

For operation at a given altltude, extracting a glven amount
of sheft power caused greater performence penaliles at low turblne-
inlet tempersastures than at high turbine-inlet temperatures. The
performance penalty due to extracting s given amount of shaft power
increased with lncreasing altitude.

INTRODUCTION

In the operation of alrcraft, large quantities of heat and
power mey be needed for asuxiliary purposes. The maximum smount of
energy necessary for these purposes wlll probably be required only
for small portions of the total flight time; consequently, auxiliary
gources used to supply this energy will seldom opsrabte at full
capacity. As the auxillary equipment will occupy space and pay-load
capacity during the entire flight, an evaluation of schemes for
obtaining energy with & minimum of suxiliery equipment is deslrable.
An obvious method of minimizing the required auxlliary equipment is
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to derive the desired energy from the slrcraft power plant. An
analytical project for evaluating and comparing the effects of
various methods of energy extraction on the performance of a turbo-
Jet englne 1s therefore in progress at the NACA Lewis laboratory.

The initial phase of this investigation, the evaluation of engine
performance with air bled from the compressor outlet, is presented

in references 1 and 2. The effect of shaft-power extraction on the
performence of a typical axial-flow-type turbojet englne is evaluated
herein.

The generalized engine performsnce, calculated by matching
experimentally determined component characteristics of a typical
turbojet engine, is presented in the form of working charts. Per-
formance under several representative modes of englne operation is
calculgtbed from these charts. In these calculations, the effects
of such veariasbles as engine speed, turbine-inlet temperature, englne-
inlet temperature, flight Mach number, and altlitude are evaluated.
Data are presented to show the engine performence with shaft=power
extraction at constant thrust levels and the maxlmum permissible
shaft-power extraction as a functlon of thrust level amnd altlitude.
Operation with both varieble and consgtant tail-pipe-nozzle aree i=s
considered. ’ .

SIMBOLS -
The following symbols are used in this analysis:
A area, square feet
F net thrust, pounds
AH enthalpy chenge, Btu per pound

hp horsepower

Ahp  horsepower extracted e -

| N engine speed, rpp
P - +total pressure, pounds per square foot absolute
P static pressure, pounds per square foot absoclute
T total temperature, °R ‘
Wy alr flow, pounds per second
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Wf fuel flow, pounds per hour

Awf difference in fuel flows with and without power extraction at
same thrust lesvel .

s] retio of total pressure to NAGA standard sea-level pressurs,
P/2116

8 + ratio of total temperature to NACA standard sea-level
temperature, T/519

Subscripts:

0 free gstream

1 diffuser inlet

2 compressor Inlet

3 compressor outlet

4 turbine inlet e

S turblne outlet

6 tall-pipe nozzle

c compressor

r rated value or value obtained when operating with NACA standard

gea-level gtatic Inlet conditlions at rated engline speed and
rated turbine-inliet temperature

b turbine
Superscript:
! value at zero power extractlon, rated turbine-inlet temperature,

rated engine speed, and particular NACA standard f£light
condition considered
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PRESENTATION OF WORKIRG CHARTS

The performance cof en axisl-flow-type turbojet engine cperating
with shaft-power extraction is presented in the form of generalized
working charts in figures 1 to 6. These working oharis were calou-
lated from pumplng characteristlics of a baslc turbojet engine
operating with shaft-power extraction. The pumping characteristics
were obtained by matching the experimentally determined component
characteristics of a typical axiasl-flow-type turbojet engine in a *
manner similar to that used in reference l. In .the present case,
the matching procedure involved & change 1n the power parameter of
the turbline relative to that of the compressor instead of a relative
change in the mass-flow parameters of the compressor and the turbine,
as was uged in reference l. The _component charecteristics used in
the analysis and an explanation of the method of apalysis are pre-

sented in appendix A.
Ahp /& Afo,

hp/52 /‘/92 'r,c

abscissa throughout the working charte. Thie factor represents the
ratio of the corrected horsepower extiracted from the shaft of the
oengine to the compressor horsepower abt sea-level rated conditionsa.
Corrected net thrust -Fn/Ez, expresged as a fraction of its rated

value, 1ls used as & parameter in all charts.

ig used as the

A power-extraction factof

The performance of the engine operating with shaft-power
extraction at & ram pressure ratlo of 1.35 ls presented in fig-
ures 1 to 3. An inlet-dlffuser total-pressure loss equal to 8 per-
cent of the ram-pressure rise ls incorporated in the ocharts.

Parts (a), (b), and (c¢) of figures 1 to 3 represent operation at

corrected engine speeds N/AJEE- of 0.9, 1.0, and 1.1 rated engine
speed, respectively. The turbine-inlet temperature ratio T,/T,
and the tail-pipe-nozzle area Ag are shown In figures 1 and 2,
respectively. Both quentitles are presented as fractions of their
soa~level rated wvalues.

In figure 3, the specific fuel consumptlion Wf/Enq(GZ is
presented as a fractlion of lts rated value, and the equivalent power-
extraction specific fusel consumption AWf/Ahp (computed by charging
the entire increase in fuel consumption to the power extraction) is
presented as pounds of fuel consumed per hour per horsepower extracted
from the shaft. Because all quantities except AWe/Ahp are shown as

fractions of rated values, the rated wvalue of the compressor pressure
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ratio (PS/PZ)r hae only second-order effects on these quentities.
The factor AWp/Ahp 1s an absolute guantity, however, and its value
is directly affected by the rated value of the compressor pressure
ratio. The equivalent power-extraction specific fuel consumption
is presented in figure 3 for (PS/Pz)r of 4.0. For values of rated

compressor pressure ratlo from 4.0 to 5.0, the value of AWf/Ahp
%eo7ea§es by epproximately 0.8 of the percentage lncrease in
P3 Pz .

r

The performance of the engine operating with shaft-power
extraction at static inlet conditioms (ram pressure ratio, 0.99) is
presented in figures 4 to 6. These figures exhiblt the same trends
as figures 1 to 3 and are applled in a similar manner.

An example 1lllustrating the method of using the working charts
is presented in appendix B.

LIMITATIONS OF WORKING CHARTS

Inasmuch a8 the present analysis is based on the component
characteristics of a particular englne, the accuracy of performance
prediction for an engine of different design would depend on the
sinilarity between the component characteristics of that engine and
the engline used in computing the working charts, and oonsedquently
on the similarity of the pumping characteristics of the two engines.
Although no experimental data are avallable for axial-flow-type
engines operating with shafit-power extractlon, an indicatlon of
the generallty of thls type analysis and 1ts applicabllity to other
engines is glven in reference 1 in which analytical and experimental
alr-bleed data from englnes of dlfferent design are compared. Good
agreement between the analyticel and the experimental dasta was
obtained in spite of the difference in engine deslgn. The same
ccmponent cheracteristics and method of matching are used in both
the alr-bleed and the shaft-power analyses; therefore it is
expected that the present analysls is sppllicable to axlal-flow-
type engines other than the one on which it is based.

Although the pumping characteristics of two engines may show
excellent agreement, the seme agreement between the thrust and the
specific-fuel-consumption parameters for the engines does not
necessarily occur. These performence factors may fall to check
because of differences in the operating levels of the engines, as
is evldent from unequal temperature and pressure ratios at rated
englne conditions. The effect of departures in the englne operating
level from the values used in the analysis was therefore investigated.



B NACA TN 2202

For rated compressor pressure ratios from 4 to 5 and rated turbine-~
inlet temperatures from 1800° to 2000° R, the values of the thruet
and the specific fuel consumption could be predicted within 3 per-
cent for ram pressure ratlos from 1.2 to 1.8 from figures 1 to 3
and for static conditions from flgures 4 to 6. For ram pressure
ratlos between 1.0 and 1.2, the absolute values of the thrust and
the speclfic fuel consumption could not be predicted to as high &
degree of accuracy; the percentage change in these factors due to
power extractlon, however, is relatively constant for ram pressure
ratios from 1.0 to 1.6. The percentage changes in thrust and
speclfic fuel consumption due to power extraction can therefore be
predicted for the ram pressure ratio range of 1.0 to 1.2 by the use
of the static~performance charts (figs. 4 to 6).

1397.

Although the working charts presented herein may not be appll-
cable to centrifugal-flow-type engines or to axial-flow-type engines
operating out of the range of compressor pressure ratios from 4 to 5
and turbine-inlet temperatures from 1800° to 2000° R, the method of -
enalysis (appendix A) is general and may be applied to any engine
regardleas of type or level of operation if component performance -
charscteristices are avallable. -

CALCULATION AND PRESENTATION OF RESULTS

Calculation of engine performance under specifilc modes of
engine operation was accomplisghed with the ald of the working
charts of figures 1 to 6 in & manner similar to that of refer-
ence 2. If any two of the quantities on the working charts are
known, the other performance variables are easily obtained. Thus,
for a given flight condition at which the temperature and the pres-
sure at the engine inlet are known, net thrust, spscific fuel con-
sumption, and tail-pipe-nozzle aresa. can be determined for any
desired engine speed, turbine-inlet temperature, and power extrac-
tion within the limits of the charts. Because the working charts
are presented for only bthree corrected engine speeds, interpolatlon
is necessary for intermediate speeds. This Interpolatlon is not
linear and greater accuracy in calculation can be obtalned by oross-
plotting the varlables agalnst corrected engine speed for constant
values of corrected thrust and power extraction.

The effects of shaft-power extraction on various specific modes
of engine operation are presented as functions of an uncorrected -
power-extraction factor Ahp/(hp)r. In presenting these effects, the .
various engine performance parameters are expressed as fractions of
a reference value. The reference value is taken as the value of the
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variable with zero power extraction, rated turbine-inlet tempereture,
and rated engine speed at the particular standard flight condition
consldersd. A choice of reference conditions such as thls one was
necessary inasmuch as the component characterlistlcs on which the
analysis in appendix A is based are idealized for all flight condi-
tions, and such factors as the effect of changing Reynolds number
with altitude are not considered. Although varlations in Reynolds
number have a direct (although emall) effect on the magnitude of

the engins variasbles, the effect of such variations on the changes
in the engine varlables with power extraction is negligible.

- Effect of Engine Speed and Turbine-Inlet
Tempersature

The performence of a turbojet engine operating with shaft-power
extraction at rated turbine-inlet temperaturs, an altitude of
20,000 feet, and & flight Mach number of 0.7 ls presented In fig-
ure 7{(a). Curves are glven for three modes of engine operation:
variable area at rated engine speed and at 0.93 rated engine speed
and rated tall-pipe-nozzle area operation with variable engine speed.
Rated engine speed corresponds to maximum power operation and 0.93
rated engine speed corresponds approximately to minimum specific-
fuel-consumption operation. ' ' '

It is apparent from figure 7(a) that approximately the same
thrust and specific fuel consumption were obtained for all three
modes of engine operation. For a power-extractlon factor of 0.04,
the thrust decreased approximately 5 percent and the specific fuel
consumption increased approximately 4 percent from the values with
no power extracted. At higher values of power exbtraction, the
thrust obtained with rated-arsa operation hegan to decrease more
rapidly. In general, slightly lower values of both thrust and
specific fuel consumption were obtained at 0,93 rated speed than
at rated speed. The varilation of engine speed and tall-pipe-nozzle .
area eare also shown on flgure 7(a).

In figure 7(b), the performence of a turbojet engine operating
at 0.9 rated turbine~inlet temperature is shown for the same flight
conditions as figure 7(a). Again operatlon with varlable area at
rated and 0.93 rated engine speeds and operation with rated tall-
pipe-nozzle area are considered. At & power-extractlon factor of
0.04, the thrust decreased and the specific fuel consumption
increased approxlimately 7 percent from the values for zero power
extraction. Although the performance with the different modes of
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operation 18 essentially the same at low power extractions, grester
decreases in thrust result for the rated-area than for variable-area
operation at high power extractions. This larger decrease in thrust
1s caused by the reductlon in engine speed (and ailr Plow) that is
necessary in order to malntain a constant turbine-inlet temperature
with the constant-asres operation. This trend indicates the desir-
abllity of a variable-ares tail-plpe nozzle if large power extrac-
tions are contemplated.

A comparison of figures 7(a) and 7(b) indicates that Ffor the
same amount of power extraction the greater performance penalties
are obtalned at the lower turbine-inlet temperature operation.
These results are consletent with those of reference 2, which show
by means of a simplified oycle analysis that the extraction of
energy from a turbojet-englne cycle at low values of turbine-inlet
temperature ratio results in greater performance penalties than
extraction at high wvalues.

Effect of Engine-Inlet Temperature

The effect of engline-inlet temperature on the performence of
an englne coperating with shaft-power extractlion at statlo mea-level
conditions is shown in figure 8. The engine-inlet- tempsratures
999, 59°, and 20° F correspond to sea-level static operation with
Army summer alr, with NACA standard alr, and under icing conditioms,
respectively. Rated turbine-inlet temperature operation at both
rated engine speed and rated tall-plpe-nozzle area is considered.

Increasing the englne-inlet temperaturs, from 20° to 99° F caused
e decrease In thrust for both variable- and constant-area operation
for all values of power exbtraction. At the low temperatures and at
low power extractlons for the highest temperature, little difference
is shown between operation with variable and rated tail-plpe-nozzle
area. For a power-extraction factor of 0.04, the thrust decreases
approximately 2, 3, and 4 percent Ffor operation at compressor-inlet
temperatures of 200, 590, and 99° F, respectively. This variation
was to be expected because, for constant turbine-inlet-temperature
operation, increesing the engine-inlet temperature decresses the
turbine-inlet temperature ratlc. As previously stated, extracting
power at low turbine-inlet temperature ratlos results In larger
changes in engline performence. For verlable-area operatlion, more
than 10 percent of the rated compressor horsepower can be extracted
from the shaft of the engine in NACA standard alr before the thrust
decreasges to the value obtalned with zero power extraction in Army
sumner air.

1397,
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Mach Number Effect

The effect of flight Mach number on the performance of an
englne operatlng under the same modes as those in flgure 8 1s shown
in figure 9 for an altitude of 20,000 feet and a power-extraction
factor of 0.04. As previously discussed, the working charts of
flgures 1 to 3 are &dpplicable to ram pressure ratios of 1.2 o 1l.8.
The performance over the corresponding range of £light Mach number,
approximately 0.55 to 0.85, 1s therefors affected only by changes
in inlet temperature and pressure with ram. The data indicate that
In this range of flight Mach number the effect of changes in flight
Mach number 1s very small,.

Altitude Effect

The effect of altltude on engine performance for a flight
Mach number of 0.7, rated turbine-inlet temperature, and an uncor-
rected power-extractlon factor Ahp/ (hp)r,c of 0.04 ig shown in

figure 10. Similer curves would be obtalined for other power extrac-
tions. A comparison is made between operation at rated engine speed
and operation with rated tall-pipe-nozzle area.

Figure 10 indlcates that extracting a glven amount of power at
various altitudes resilits in greater decreases in thrust and Increases
in specific fuel consumption at high albtltude than at low altitude.
This net change in the cost of power removal with altitude le the
result of two counteraoting factors: At a given turblne-inlet
temperature, increasing the altitude increases the turbine-inlet
temperature ratlo. Increasing thils ratio tends to reduce the effects
of a glven percemtage of shaft-power extraction on the engine per-
formence. Because of the large decrease In mass flow with increase
in altitude, however, the oocmpressor power decreases conslderably.
Therefore, extraction of a glven amount of power from the shaft at
increasing altitude results in extraction of greater percentages
of the compressor power and consequently causes greater changes in
engine performance.

At high altitude, slightly lower thrust and higher specific
fuel consumptlon were obtained with variable-area operation than
with rated-area operation because, at a glven turbine-inlet
temperature ratlo, corrected engine speeds exlst at which the thrust
and the specific fuel consumption are a maximum and a minimum,
respectively. For high-altitude operatlon with rated engine speed
and verieble area, the corrected engine speed was beyond the optimum
for both thrust and specific fuel consumption. For constant-area
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operation, the engine speed was reduced to prevent exceeding rated
turbine~inlet temperature, thereby approaching the corrected engine
ppeeds for optimum thruset and speclfic fuel consumption. High-
altitude performance wilth the wvariable tall-plpe-nozzle area could
be improved by decreasing engine speed. '

For rated tall-pilpe-nozzle area operation, the area ratio
As/AG decreased slightly with increasing altitude because Ag',
the area necessary to maintain reted turblne~linlet temperature at
rated engine speed and zero power extraction, Increased with
altitude.

Constant=-Thrust Cperation

At a given altitude, in order to maintain congtant £light
velocity, constant thrust must be maintained. The effect of extract-
ing power from the shaft of a turbojet engine while maintaining
constant thrust at an altitude of 20,000 feet and a flight Mach
number of 0.7 1s shown in Ffigure 1ll, The thrust ls held_at 80 per-
cent of the thrust obtainable at zero power extraction, rated
turbine~inlet tempersture, and rated engine speed. Two modes of
engine operation are presented; variable tall-pipe-nozzle area at
rated engine speed and rated area with variable speed.

In order to maintain constant thrust at a power-extraction
factor of 0.04, it is necessary to increase the turbine-inlet
temperature approximately 4 percent above the. zero power-sxtraction
value for both the variable-area, constant-speed operation and
the rated-area, varilable-speed operatlion. Slightly lower specific
fuel consumption is obtained with the rated tall-pipe-nozzle area
engine inasmuch as it is operating more nearly at crulse engine
speed. At a power-extraction factor of 0.04, the specific fuel
consumption increases approximately 7 percent from the value with
no power removed for both modes of engine operatiomn.

Maximunm Permissible Power Exbtractlon

The maximum permissible shaft-power extraction for variable
and rated tail-pipe-nozzle area operation while malntaining a glven
smount of thrust at rated turbine-inlet temperature and various
altitudes is presented in figure 12. The variable-ares operation
is at rated englne speed; the rated-area operation is at variable

gpeed.
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While operating at a given thrust at low altitude, more power
can be removed with variable-area operation than with rated-area
operation. This effect is especlally pronounced st low values of
thrust. For example, &t & fraction of rated net thrust En[F '
of 0.92, 36 percent more power can be extracted at sea level with .
veriable-ares opération at rated engine speed than with rated-ares,
operation. At higher altitudes, however, the curves cross over and
more power can be obtained with the rated-aree operation then with
variable-area operation at rated engine gpeed. Greater amounts of
power could be obtalned with veriable-area operation at high alti-
tude by reducing the englne speed because the corrected engine speed
at high altitude is beyond the optimum Ffor maximum power extraction.

CONCLUDING REMARKS

N The performance of an axial-flow-type turbojet engine operating
with shaft-power extraction is presented in the form of generalized
working charts. These charte are applicable to a wide range of
operating conditions for engines with rated compressor pressure
ratios in the range from 4 to 5 and rated turbine-inlet tempera-
tures from 1800° to 2000° R. The method of analysis is applicable
to any engine, with a centrifugal- or axlal-flow-type compressor,
in any range of compressor pressure ratlios and turbine-inlet
temperatures.
3

For operation at a given altlitude, extraction of a given
amount of shaft power caused greater performance penalties at low
turbine-inlet temperature than at high turbine~-inlet temperaturs.
The performence penaltles resulting from removal of a given amount
of shaft power increased with Increasing altitude. Varying the
flight Mach number from 0.55 to 0.85 while removing a given amount
of shaft power had no appreciable effect on the performance penalties.
Increasing the engine-inlet temperature increased the performance
penalty caused by a gliven shaft-power extractlon.

At low values of shaft-power extraction, engine performence
was Ilmpaired to about the same extent whether the engine was
operated with a varlable-area nozzle or a rated-area nozzle. At
high power extractions, use of the variable-arsa nozzle generally
resulted In higher thrust and lower specific fuel consumption.

11
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The amount of power that can be removed decreased as the albti-
tude was Increased. At low altitudes, more power could be removed
when the engine was operated with a varlable-area nozzle than with
a rated-area nozzle.

Lewls Flight Propulsicn Laboratory,
National Advisory Committee for Aercnautics,
Cleveland, Ohio, May 12, 1950. '
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APPENDIX A

DEVELOFMENT OF ANALYSIS

The performance of a basic turbojet engine operating with
shaft-power extraction was determined by matching the experimentslly
determined component characteristice of a typical axisl-flow-type
turbojet englne. The performance of the complete propulsion system
was determined by use of the characteristics of the baslic engine,
the englne-inlet system, and the tall-pipe nozzls.

Basic Engine Performance

Matchlng procedure. - The process of determlining the performance
of a compressor and a turbine operating as a single unit from estab-
lished characterlistics of the individual components is known as
metching. The components are consldered matched when & glven rela-
tion exists between rotational speed, mass flow, and enthalpy change of
the compressor and the corresponding factors for the turbine. The
matching points are determined In the followlng manner by using the
method of reference 3: From albitude-wind-tunnel investigations of
a complete axial-flow-type turbojet engine with several different
tall-plpe-nozzle areas, component characteristics were obtalned for
& range of altitudes and flight Mach numbers. A set of ldealized
camponent characteristics was obtained by fairing a single curve
through data points for several flight conditlons. The idealized
cdmpressor characteristics are presented in figure 13. The corrected

compressor mass flow Wa,c«/eg/Bz 1s presented as a funotion of the

corrected engine speed N/AJEE: Also, the relation between the
compressor power parameter Wy AHC/N85 (called torque parameter
in reference 3), the compressoé megs~-flow parameter Wé GN/SS, and
the corrected compressor speed N/Aﬁzg i1s shown. All quantities
are given as fractions of sea-level rated values.

In & similar manner, the ldealized turblne characteristlcs are
presented in figure 14. The turbine pressure ratlo P4/P5 is pre-
sented as & function of the turblne temperature ratio T4/T5. The
turbine power parameter tAHi/N84 ia presented as a functlon of
+the turbine mass-flow parameter Wé tN/54 and the corrscted turblne

speed N/Af6,.
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Assuming a pressure ratlio across the combustion chamber
(84 = 0.945 5z) allows the power and the mass-flov parameters of
both compressor and turbine to be corrected to the same pressure
and thus plotted on the same plane. For steady-state operation,
the compressor and the turbine mass~flow parameters are equal
inasmuch as W, and N for the compressor are equal, respectively,
to Wy and- N for the turbine. The enthalpy change of the fuel
mass flow passing through the turbine was assumed equal to the
bearing and accesgory losses. TFor steady-state operation with zero
power extractlon, the power developed by the air passing through
the turbine must therefore be equal to the power absorbed by the
compressor. Consequently, the compressor and turbine power
parameters are egual for a matched condition. Operating points
of the compressor-turbine combinations can be obtained by super-
imposing the component characteristics. The matching chart resulting
from the superposition of the component characterigtics is shown in
figure 15. -

When power 1s belng extracted from the shaft of-& turbojet
engine, the turbine not only has to supply the power absorbed by
compressor, bearings, and accessories but also the power that is
being extracted from the shaft. Because the enthalpy change of the
fuel passing through the turbine was assumed equal to the bearing
and accessory losses, the total enthalpy change of the air passing
through the turbine is greater than that acrose the compressor by
the amount -of power that is being extracted. In order to take this
relation into account on the matching chart, the entire turbine grid
'1s shifted downward by the amount of power that is being removed.
Inasmuch as the lines of constant corrected turbine speed on the
turbine grid are vertical, the only apparent change in the matching
chart due to a downward shift of the turbine grid is the shifting
of the turbine ordinate or power parameter. The turbine power-
parameter scale corresponding to a power extraction of 2 percent
of the compressor power .at any point on the maﬁching chart is shown
in figure 15. Thus, at any point on the matching chert, the turbine
power parameter for this power extraction is equal to 102 percent of
the compressor power parameter.

Every point on the matching chart defines a possible operating
point of the engine. By the proper algebralc manipulation of the
information on the chart, as dilscussed in reference 1, along with
the remainder of the component-characteristics curves, the pressures
and the temperatures throughout the engine can be calculated. ZEngine
performence with varlous emounts of power extractlon can be calculated
by shifting the turbine characterilatics in the proper manner for each
power extraction. )
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Over-all pumpling charecteristics. ~ The performance of the
basic turbojet engine, as determined by the matchling procedure, 1is
presented in the form of pumping characteristics by uslng the
method of reference 4. The baslc engine 1s consldered as a pump
consisting of compressor, combustlon chamber, and turbine, the
purpose of which is to raise the temperature and the pressurs of
the fluld passing through it. The pumping characteristics consist
of a curve of englne pressure ratlo as a functlion of englne tempera-
ture ratlio, power extraction, and corrected engine spsed, and a
curve of corrected engine mass flow as & functlon of corrected engine
speed (ldentical with the compressor mass-flow characteristics,
fig. 13). The relation between engine pressure ratio and engine
temperature ratio 1ls presented in figure 16 for shaft-power extrac-
tion of 0, 5, 10, and 15 percent of the actual compressor horsepower
for corrected engine speeds of 0.9, 1.0, and 1.1 rated englne gpeed.
The variation of turblne-inlet temperature ratio and compressor-
outlet temperature ratio are similarly shown in figures 17 and 18,
respectively. All quantitlies are presented as fractlions of rated
values. '

Propulsion-éyétem Performance

The complete propulsion system consists of a baslic turbojet
engine with an engine-inlet system and a tail-pipe nozzle. The
periormance of the complete system 1s determined by combining the
characteristics of the inlet system and the tall-plpe nozzle with
the characteristics of the baslc engine.

For a given flight Mach number and inlet-diffuser loss, the
tall-pipe-nozzle area necessary to operate at any polnt on the
curves of flgure 16 and the thrust produced by operation at any
polint are determined from one-dimensional flow relstlions. The fuel-
alr ratio is computed from reference 5 using the temperature ratio
across the combustlon chamber T4/T3, obtalined from figures 17
and 18. The specific fuel consumption is computed using fuel-eir
ratlio, engine mass flow, and engine net thrust. A more complete
description of the method of computing the propulsion-systenm
performance ls presented in reference 1.
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APPENDIX B

USE OF PERFCRMANCE CHARTS

The use of the working charts (figs. 1 to 6) in solving per-
formance problems la 1llustrated by the followlng example: A
hypothetical engine, similar to ocurrent axlal-flow-type engines,
has the following characteristics at rated sea-level operation:

Fn/az, lb s & » ® 8 % 8 @ ® € € & s 6 ¢ & 2+ G s - *« e l . 4000

N/ 92, I‘Pm " 8 & e s @ "« e e ¢ 3 e * 8 & e 3 e & @ 10,000
Wf/ ‘V 2’ lb/(hr)/(lb thI‘uB'b) ®« » & 9% o 8 ° & ¢ 8 & s s & e = 1.0
As, Sq_ ft a s e e LI} 4 o e o & ® 8 0 P s & = e e s s 1.215

T4’ OR a8 & @ » & @ 3 ® s+ @ & ® 3 9 ° B & S s © e e o s _. ] 1870
PS/PZ ® @ & & & o 8 * & 3 ® e 8 5 S & B s & s o v .‘ ¢« » B o = 4‘0

(hp/azlvez)r,c,hp » & 8 s & ¢ & » & o * s e s e B 3 v s @ 6000

The engine 1s to operate at rated corrected engine speed at an alti-
tude of 20,000 feet and & flight Mach number of 0.7. The drag
characteristics of the plane are such that a corrected thrust F /62

of 2000 pounds is reguired to maintain this flight condition. The
alrplane requires an suxiliary power supply of 500 horsepower.

From the flight conditions, inlet characteristics used in the

P Pq=-

analysls Eg =1+ 0.92(-%%£é) , and values of the standard atmos-
0 0

phere obtalned from reference 6, the following values were obtalned:

Pz/po LJ L] * . L] L] - L] . * L * ’ L 3 L ] L] . L] . L] L d - .. L d L d . L] L] ’ L] 1.352

Po, 1b/8Q £5 ¢ & ¢ ¢ o 4 4 o s o s e e s e 0 s s s s e e o . 1315

Tz, OR L] L] L] - - - [ ] L 3 L] L ] L] [ ] L L] - . . - L] L ] L) ] L] L . L] . 492

52 a - L) L] L] - L] l.. L] L L L] . L] L] .'. L] . L] - . - L] L) L] - L] 00623

92 L] L] o - * . - L] . L] L] L] L] . L] . L] . L) L] L] . L] L] * L] . L) L 00948

Inassmuch as the ram pressure ratio falls within the'fange of 1.2
to 1.6, figures 1 to 3 are applicable. Because the engline 1s operating
at rated corrected engine speed, figures 1(b), 2(b), and 3(b) should be

used.

En/sz
tFIl; 6zjr
mst be evaluated. The

In order to use the charts, the thrust parameter and

Ahp/3 [0,
(hp/SZ Ve—z )r,c

the power-extraction factor
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thrust paremeter is simply the required corrected thrust of 2000 pounds
divided by the rated thrust of 4000 pounds, or 0.5. The power-
extraction factor is evaluated as follows:

alp /8 Af6, _ 500/(0.623) Wo-848) _ ...
(52/5 Af5) 5600 = 0.
R/C2 4v2 r,c

The remainder of the performance parameters are obtained from figures 1
to 3. The values are given in the following table in both fractional
and absolute form:

T4/Tp

(T4/T2)r.
Tgs OR o o o o o o o o s o s o o o o s o s s 2 s o o oo oo+ 1548
Bg/(Bg)y « ¢ o o v o o oot i aee e e e e e e e e e e oo 1,238
Bgy BLEE « o o o o o s s o s s s s e s s s oo s e e s e o 1,508

Wf/En*ﬁi;
(ig/B, Af03),

We/Fp, 10/(hr)(1B) @ v ¢ ¢ v v o e e v o v o v o o o o o oo o 1.505

%, 1b/(br) (kp) .

e & e & & e ® ¢ » e+ & & & s & & & 2 e s > 3 s &+ & 0.874

e & ® & W 6 8 & & v & 6 &5 s o 2 & = o ¢ s o s s @ 1.547

0.61
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Figure 1., - Variation of turbine~inlet temperature ratio with power
extraction gnd thrust for variasble-asrea tall-pipe nozzle and ram
pressure ratlo of 1.35.
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Figure l. = Continued.

Varistion of turbine-~inlet temperature ratilo
with power extraction and thrust for variable-erea tail-pipe nozzle
and rem pressure ratlo of 1l.35.
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Flgure 2 - Continued. Varilation of tall-pilpe-nozzle area with power

extraction and thrust for ram pressure ratio of l.35.
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Flgure 3. ~ Varlatlon of specific fuel conaumption with power extrac-~
tion and thrust for variable-area tail-pipe nozzle and ram pressure
ratio of 1.35.
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Figure 6. — Continued. Variatlon of specific fuel consumption with power extraction
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Flgure 16, — Varlation of englne pressure ratio with engine temperature
ratio and shaft-power extraction for three engine speeds.
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